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RGC axons extend in the optic tracts in a manner that correlates with the expression in the hypothalamus and epithalamus of a soluble
factor inhibitory to RGC axon outgrowth. Additionally, although the RGC axons extend adjacent to the telencephalon, they do not normally
grow into this tissue. Here, we show that slit1 and slit2, known chemorepellents for RGC axons expressed in specific regions of the
diencephalon and telencephalon, help regulate optic tract development. In mice lacking slit1 and slit2, a subset of RGC axons extend into the
telencephalon and grow along the pial surface but not more deeply into this tissue. Surprisingly, distinct guidance errors occur in the
telencephalon of slit1 −/−; slit2 +/− and slit1/2 −/− embryos, suggesting that the precise level of Slits is critical for determining the path
followed by individual axons. In mice lacking both slit1 and slit2, a subset of RGC axons also project aberrantly into the epithalamus, pineal
and across the dorsal midline. However, many axons reach their primary target, the superior colliculus. This demonstrates that Slits play an
important role in directing the guidance of post-crossing RGC axons within the optic tracts but are not required for target innervation.
© 2006 Elsevier Inc. All rights reserved.Keywords: Axon guidance; Slit; Robo; Optic tract; Retinal ganglion cell; Growth coneIntroduction
During development, retinal ganglion cell (RGC) axons exit
the eyes and extend to the chiasm at the ventral midline of the
diencephalon. At the chiasm, the axons diverge into the
ipsilateral or contralateral optic tracts, which course over the
surface of the diencephalon towards their primary target, the
superior colliculus (SC), in rodents. As they extend through the
diencephalon, the RGC axons grow adjacent to but do not
invade the telencephalon. They also display region-specific
differences in their patterns of organisation. The RGC axons are
tightly bundled as they grow over the hypothalamus, spread out
within the dorsal thalamus and then again become tightly⁎ Corresponding author. Fax: +44 020 7608 6850.
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doi:10.1016/j.ydbio.2006.06.017bundled and turn posteriorly away from the epithalamus as they
approach the SC. In vitro, the hypothalamus and epithalamus,
but not the dorsal thalamus, inhibit RGC axon outgrowth,
suggesting that the bundling together of the RGC axons is due
to the restricted expression within the diencephalon of
inhibitory guidance molecules (Tuttle et al., 1998). Little is
known of the molecular nature of these signals.
Slit was discovered in Drosophila and shown to be the
secreted midline repellent for the Roundabout (Robo) receptor
(Rothberg et al., 1990; Kidd et al., 1999). In Drosophila, Slit
functions to prevent ipsilateral axons crossing the midline and
contralateral axons from re-crossing. It also acts in a
presumptive gradient, working with a combinatorial code of
Robo receptors to control the lateral position of axons from the
midline (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b).
To date, three vertebrate Slits and four Robos have been
identified (Holmes et al., 1998; Itoh et al., 1998; Kidd et al.,
1998; Brose et al., 1999; Li et al., 1999; Yuan et al., 1999;
Huminiecki and Bicknell, 2000; Park et al., 2003), a subset of
which are expressed in the developing visual system (Erskine et
477H. Thompson et al. / Developmental Biology 296 (2006) 476–484al., 2000; Niclou et al., 2000; Ringstedt et al., 2000; Fricke et
al., 2001; Hutson and Chien, 2002). In rodents, during the
period when the optic pathway is developing, robo2 is
expressed by RGCs whereas slit1 and slit2 are expressed
around the path of the RGC axons (Erskine et al., 2000; Niclou
et al., 2000; Ringstedt et al., 2000). Through inhibitory
signalling, these molecules are critical for the formation of the
optic chiasm and function to restrict the RGC axons to the optic
pathway (Fricke et al., 2001; Plump et al., 2002). Within the
diencephalon, slit1 and slit2 are expressed in a manner that
correlates with regions where RGC axons are tightly bundled,
suggesting that these molecules may also be important for
directing the organisation of the optic tract (Ringstedt et al.,
2000). In support of this, the optic tract develops abnormally in
zebrafish astray (robo2) mutants (Karlstrom et al., 1996; Fricke
et al., 2001).
To determine directly the role of Slits in regulating optic tract
development, we analysed mice lacking slit1 and/or slit2
(Plump et al., 2002). The results demonstrate that Slits do not
play a significant role in regulating the fasciculation of the optic
tract but are an important component of the guidance
mechanism that restricts RGC axons to the optic pathway and
prevents them crossing the diencephalic/telencepahlic boundary
and extending into the epithalamus. This provides direct
evidence that, in addition to their function at the optic chiasm,
Slits are required for the guidance of post-crossing RGC axons.
Material and methods
Animals
All conditions and experimental procedures were in accordance with the
UK Animals (Scientific Procedures) Act 1986 and associated guidelines.
Experiments were performed using C57bl/6J and slit1- and/or slit2-deficient
mice maintained in timed-pregnancy breeding colonies. The slit-deficient
mice were genotyped by PCR as described previously (Plump et al., 2002).
Noon on the day that the vaginal plug was found was considered embryonic
day 0.5 (E0.5). Pregnant mothers were killed by a rising gradient of CO2
followed by cervical dislocation, and the embryos removed and fixed in 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) either overnight
for immunohistochemistry or 2 days for lipophilic dye, 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes,
Eugene, OR) labelling.
For postnatal animals, the day of birth was recorded as postnatal day 0 (P0).
Postnatal mice were administered an overdose of the inhalation anaesthetic
Isoflurorane-Vet (Merial Animal Health, Essex, UK) followed by exsanguina-
tion and fixed as above.
Anterograde DiI labelling
The neural retina was removed from one eye and, using a fine glass pipette, a
crystal of DiI positioned covering the optic nerve. The embryos were stored at
37°C for 10 days at E16.5, 14 days at E18.5 or 4 weeks at P2 in PBS containing
0.02% sodium azide. The labelled brains were removed from the skulls and
viewed intact or after the removal of the telencephalon using a Nikon SMZ1500
fluorescent dissecting microscope with Nikon digital camera DXM1200 and
Nikon ACT-1 imaging software. The brains were embedded subsequently in 3%
agarose and sectioned coronally or sagitally at 100 μm on a vibratome, and the
sections mounted on slides using Vectashield (Vector Labs, Peterborough, UK).
The sections were imaged with an Olympus BX50 fluorescent compound
microscope, using digital camera and software as above, or with a Zeiss LSM
510 confocal microscope. The images were prepared using Adobe Photoshop.Retrograde DiI labelling
E18.5 embryos were dissected to reveal the SC and small DiI crystals placed
just under the surface of the anterior colliculus to label all entering axons. The
embryos were stored at 37°C for 16 days in PBS containing 0.02% sodium
azide. The labelled brains were removed and imaged intact with a fluorescent
dissecting microscope (see above). The neural retinas were removed, and flat
mounted, using Vectashield and imaged with an Olympus BX50 fluorescent
compound microscope.
Immunohistochemistry
Embryonic heads (E17.5) were cryoprotected with 25% sucrose, embedded
in Cryo-m-bed (Bright Instrument Co Ltd, Huntingdon, UK) and frozen using
dry ice. Sections were cut coronally at 14 μm on a cryostat and mounted onto
Superfrost Plus slides. The tissue was blocked with 10% goat serum (Sigma-
Aldrich, Dorset, UK), 0.2% Triton (Sigma-Aldrich)/PBS for 2 h, followed by
overnight in either rabbit polyclonal anti-GFP (Molecular Probes) at 1:500 or
rabbit polyclonal rabbit anti-calretinin (Swant, Bellinzona, Switzerland) at
1:10,000 in the same blocking solution. As a negative control, some sections
were incubated without the primary antibody. The tissue was washed with PBS
and incubated for 2 h in goat anti-rabbit-IgG-Cy3 (Jackson ImmunoResearch,
Soham, UK) diluted 1:250 in 1% goat serum/PBS. Tissue sections were then
washed in PBS, mounted using Vectashield and imaged using an Olympus
BX50 fluorescent microscope.
In situ hybridisation
In situ hybridisation, using digoxigenin-labelled riboprobes against slit1,
slit2 and slit3 (Brose et al., 1999), was performed on 100 μm coronal sections
of E16.5 wild-type embryos as described previously (Erskine et al., 2000).
Briefly, sections were dehydrated and rehydrated in 25%–100% methanol in
PBT (PBS + 0.1% Tween-20), bleached with 6% H2O2 (Sigma-Aldrich) in PBT
for 60 min, treated with 5 μg/ml Proteinase K (Sigma-Aldrich) in PBT for
10 min then postfixed with 4% PFA in PBT. The sections were incubated at
65°C in hybridisation buffer (50% formamide, 5× SSC, 50 μg/ml tRNA, 1%
SDS, 50 μg/ml Heparin) followed by overnight at 65°C in riboprobes diluted
1:100 in hybridisation buffer. The sections were washed three times with 50%
formamide, 5× SSC, 1% SDS at 65°C then with 50% formamide, 2× SSC at
60°C, blocked with 10% sheep serum/TBST (TBS + 1% Tween-20) and
incubated overnight in anti-DIG antibody (Roche Diagnostics) diluted 1:2000 in
1% sheep serum/TBST. To activate the colour reaction, the sections were
washed extensively with TBST and the alkaline phosphatase activity detected
using NBT (337.5 μg/ml, Sigma-Aldrich) and BCIP (175 μg/ml, Sigma-
Aldrich) in reaction buffer (100 mM NaCl, 100 mM Tris–HCl, pH 9.5, 50 mM
MgCl2, 1% Tween-20). Sections were mounted in 90% glycerol/PBS and
photographed using a Nikon SMZ1500 microscope and DXM1200 digital
camera.
Results
Slits help prevent RGC axons from crossing the diencephalic/
telencephalic boundary
To determine if Slit proteins are critical for axon guidance
in the optic tracts, we used DiI to unilaterally label the RGC
axons in wild-type (WT) and slit1- and/or slit2-deficient mice
(Plump et al., 2002) throughout the period when the optic
tract is developing (E16.5–P2; Godement et al., 1984; Table
1). In slit1 −/−; slit2 +/− mice, a subset of RGC axons on
both the ipsilateral and contralateral side of the brain extended
aberrantly into the telencephalon (Fig. 1; Table 2). In 70% (7/
10) of E16.5 embryos analysed, a large bundle of axons
extended into the telencephalon whereas in the remaining
Fig. 1. RGC axons extend into the telencephalon in slit-deficient mice. (A)
Schematic diagram of the path followed by RGC axons over the surface of the
diencephalon in WT mice. Di, diencephalon, HB, hindbrain, MTNp, medial
terminal nucleus projection, on, optic nerve, OT, optic tract, Tel, telencephalon,
X, optic chiasm. (B–J) Unilateral DiI labelling of the proximal optic pathway in
E16.5 (B–H), E18.5 (I) and P2 (J) mice. In WTembryos (B), RGC axons extend
from the chiasm into the optic tracts and, as they grow over the surface of the
diencephalon, become obscured from view by the overlying telencephalic
vesicles. In slit1 −/− (C, G), slit2 −/− (D) and slit1/2 −/− (F) embryos RGC
axons are restricted predominately to the diencephalon. In slit1 −/−; slit2 +/−
(E, H–J) mice, a subset of RGC axons grow into and along the ventral surface of
the telencephalon. Arrows in (F) indicate RGC axons extending aberrantly at the
optic chiasm. Boxed regions in panels C and E are shown at higher power in
panels G and H respectively. (G) Arrows indicate small number of DiI-labelled
RGC axons extending into the telencephalon in the absence of slit1 alone. (H) In
slit1 −/−; slit2 +/− embryos, significantly more RGC axons grow into this
region. Scale bar, 800 μm (B–F, I, J), 200 μm (G, H).
Table 1
Number of WT and slit-deficient mice (E16.5–P2) analysed
Genotype Wholemounts Sections
Intact Telencephalon removed
WT 8 8 19
slit1 +/− 4 12 8
slit1 −/− 8 12 8
slit2 +/− 6 5 6
slit2 −/− 3 11 7
slit1 −/−; slit2 +/− 8 18 21
slit1 −/−; slit2 −/− 10 7 10
478 H. Thompson et al. / Developmental Biology 296 (2006) 476–48430% only a few stray axons were seen. The site at which the
RGC axons crossed into the telencephalon was similar in all
embryos as was the path they followed within this tissue.
Similar defects also occurred in all E18.5 (n = 6) and P2
(n = 2) slit1 −/−; slit2 +/− animals with the number of RGC
axons in both the ipsilateral and contralateral telencephalon
becoming more substantial as development proceeds (Figs. 1I,
J). This increase in the number of aberrantly located axons
could occur because a subset of both young and old RGCs
are dependent on Slits for their guidance or, indirectly, as a
result of later generated axons following lost pioneer axons.
Irrespective of the underlying mechanism, this demonstrates
clearly that, at least by early postnatal stages, these guidance
errors are not corrected.
In embryos lacking slit1 or slit2 individually or, surprisingly,
in slit1/2 −/− mice in which significant projection errors occur
at the optic chiasm (Plump et al., 2002; Fig. 1F), RGC axons did
not extend into the ventral telencephalon in significant numbers
(Figs. 1C, D, F; Table 2). At best, only a few stray axons were
seen (Fig. 1G; data not shown).
To visualise the entire path of the optic tract, the
telencephalon was removed and the brains viewed laterally
(Fig. 2). In WT embryos, RGC axons extended through the
proximal region of the optic tract as a single, tightly grouped
bundle (Fig. 2B). In all slit1 −/−; slit2 +/− and slit1/2 −/−, but
not the single mutant mice, a large branch developed at a point
just ventral to the dorsal thalamus (Table 2). This branch always
developed from the side of the optic tract closest to the
telencephalon, was composed of axons that were tightly bundled
and, unlike the endogenous tract, was not integrated into the
diencephalon (Figs. 2C, D). Labelled RGC axons also were
present on the medial surface of the telencephalic tissue removed
from slit1 −/−; slit2 +/− and slit1/2 −/−, but not WT embryos,
demonstrating that this branch extended across the diencephalic/
telencephalic boundary (Figs. 2E–G).
RGC axons are restricted to the surface of the telencephalon
To determine if in the slit-deficient mice RGC axons make
additional pathfinding errors not evident from the wholemount
views, we sectioned the DiI-labelled brains coronally. In WT
animals, the RGC axons were restricted to the diencephalon
(Figs. 3A, B, E). In only 11% (2/19) of embryos were 1 or 2
RGC axons seen that crossed into the telencephalon (data not
shown). It is likely these are axons that have made pathfindingerrors (Hutson and Chien, 2002). RGC axons also were
restricted predominately to the diencephalon in slit1 and slit2
single knockout mice, although the extension of small numbers
of RGC axons into the telencephalon occurred more frequently
than in WT mice (slit1, 25%, slit2, 14% of embryos). However,
in slit1 −/−; slit2 +/− embryos, two distinct projection errors
were found. In 70% (15/21) of embryos, a subset of RGC axons
projected over the ventral surface of the telencephalon (Fig.
3C). In the remaining 30% of embryos, fewer axons extended
into the ventral telencephalon and, additionally, a subset of
Table 2
Percentage of WT and slit-deficient mice (E16.5–P2) with RGC axons
extending aberrantly into the telencephalon
Genotype Axons on ventral surface of










WT 0% (10) 0% (10) 0% (8)
slit1 −/− 13% (8) 13% (8) 0% (12)
slit2−/− 0% (3) 0% (3) 0% (11)
slit1 −/−; slit2+/− 28% (18) 72% (18) 100% (8)
slit1 −/−; slit2 −/− 25% (10) 0% (10) 100% (7)
(n) = number analysed.
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medial projection often appeared as a distinct branch extending
along the outer surface of the telencephalon (Figs. 3G, H).
Extension of RGC axons into and along the medial, but not the
ventral, surface of the telencephalon also was seen in all (10/10)
slit1/2 −/− embryos (Figs. 3D, I). Sectioning the embryos
sagitally revealed no additional defects (data not shown) and, in
all genotypes, RGC axons did not extend away from the pial
surface into deeper regions of the telencephalon.
In slit1/2 −/− embryos a subset of RGC axons extend into the
epithalamus but many project to the SC successfully
In slit1/2 −/− mice (7/7) but none of the other genotypes,
RGC axons also made guidance errors in more dorsal regions of
the optic tract. As they approached the dorsal midline, the RGC
axons followed a more anterior trajectory than in WT animals,
and a subset extended away from the tract into the epithalamus,Fig. 2. A branch develops from the optic tract in slit-deficient embryos and extends in
as they extend from the optic chiasm towards their targets. Boxed region indicates ar
telencephalon, pi, pineal. (B–D) DiI-labelled RGC axons within the proximal re
telencephalon. In each image, the optic chiasm is located towards the bottom of the pic
through the proximal region of the optic tract. In slit1 −/−; slit2 +/− (C) and slit1/2
(arrows) extends laterally away from the surface of the diencephalon. (E–G) Medial v
The dotted line indicates the approximate boundary between medial and ventral telen
RGC axons extend over the medial surface of the telencephalon. Scale bar, 200 μmpineal and across the dorsal midline (Fig. 4). However, many
RGC axons reached the SC successfully. Since the slit1/2 −/−
mice die at birth (Plump et al., 2002), this was determined at
E18.5 using three different methods. Firstly, the RGC axons
were anterogradely labelled with DiI and viewed either as
wholemounts or in sections. Using this approach, labelled axons
were always detected within the SC (Figs. 5A, B). Secondly,
small crystals of DiI were placed in the SC and resulted in
retrogradely labelled RGC axons throughout the optic pathway
and retina (data not shown). Finally, an anti-calretinin antibody
was used to label the entire optic projection. RGC axons within
the brachium of the SC were labelled as were a subset of cells
within the SC (Figs. 5C–F), confirming that many RGC axons
reach their primary target.
RGC axon pathfinding defects occur in regions where slits are
expressed normally
When the slit-deficient mice were generated, tau-GFP was
knocked into the gene locus under control of the slit
promoters (Plump et al., 2002). Consequently, any cells that
normally express slit1 or slit2 now express GFP in their cell
bodies and processes. In slit1 +/− and slit2 +/− tissue, we
found strong expression of GFP in the diencephalon and
telencephalon in patterns that correlate with the RGC axons
guidance errors (Fig. 6). In slit1 +/− embryos, anti-GFP
staining was seen in the hypothalamus, with high expression
around the chiasm, and in the epithalamus and telencephalon,
regions into which RGC axons extend in the absence of Slits.
By contrast, no anti-GFP staining was detected in the dorsal
thalamus or SC (Figs. 6A–D). In slit2 +/− animals, GFP was
expressed strongly along the length of the midline and in the
epithalamus and hypothalamus. Staining also was seen on theto the telencephalon. (A) Schematic diagram of the path followed by RGC axons
eas shown in panels B–D. dTh, dorsal thalamus, ep, epithalamus, mTel, medial
gion of the optic tract of E16.5 embryos viewed following removal of the
ture. InWTembryos (B), RGC axons are tightly bundled together as they extend
−/− (D) embryo, RGC axons remain tightly bundled. However, a large branch
iew of the telencephalic tissue removed from the embryos shown in panels B–D.
cephalon. In slit1−/−; slit2 +/− (F) and slit1/2 −/− (G) but not WT (E), embryos
(B–D), 300 μm (E–G).
Fig. 3. In the telencephalon, RGC axons are restricted to the pial surface. Coronal sections of DiI-labelled WT (A, B, E), slit1 −/−; slit2 +/− (C, F, G, H) and slit1/2 −/−
(D, I) brains. (A) Path followed by the RGC axons as they extend through the optic tracts in WT embryos. (B–I) Confocal images of ventral (B–D) or medial (E–I)
telencephalon. In WT embryos (B, E), RGC axons are restricted to the diencephalon. In slit1 −/−; slit2 +/− embryos, a subset of RGC axons extend into the ventral
(arrow in panel C) or ventral and medial (arrows in panel F) telencephalon. Extension of RGC axons on the medial surface of the telencephalon also occurs (G, H). In
slit1/2 −/− embryos, a subset of RGC axons extend into medial (arrow in panel I) but not ventral telencephalon (D). In all embryos, RGC axons within the telencephalon
are restricted to the pial surface (C, F–I). Hyp, hypothalamus, vTel, ventral telencephalon. Scale bar, 500 μm (A), 300 μm (B–E, I), 100 μm (F), 50 μm (G, H).
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ing to the position where RGC axons grow in the slit-
deficient mice. Strong expression of GFP also was found at
the dorsal midline and in the pineal (Figs. 6E–H). In situ
hybridisation using ribopropes for slit1–3 revealed essentiallyFig. 4. RGC axons make pathfinding errors in more dorsal regions of the optic
tract. (A, B) Coronal sections of E16.5 WT (A) and slit1/2 −/− (B) DiI-labelled
brains. Confocal images of the boxed regions in panels A and B are shown at
higher power in panels C and D respectively. InWTembryos (A, C), RGC axons
avoid the epithalamus and turn posteriorly away from this region towards the
SC. In slit1/2 −/− embryos (B, D), a subset of RGC axons leave the optic tract
and grow into the epithalamus where they extend across the dorsal midline of the
nervous system (dotted line in panel D) and into the pineal (arrow). Arrows in
panels A and C indicate the pineal (Pi) and optic tract (OT) respectively. Scale
bar, 700 μm (A, B), 100 μm (C, D).identical patterns of expression and demonstrated that, within
the telencephalon, slit3 is expressed in a pattern complemen-
tary to that of slit1 and slit2 (Figs. 6I–K; data not shown).
Whereas slit1 and slit2 are expressed in regions of the
telencephalon directly adjacent to the diencephalon (Figs. 6I,
J), slit3 is present in a more dorsal and lateral domain and
was not detected within the ventral region of the telencepha-
lon (Fig. 6K).
Discussion
RGC axons display region-specific organisation and
innervation patterns within the diencephalon. Additionally,
although they extend adjacent to the telencephalon, they do
not normally invade this tissue. By analysing mice lacking
slit1 and slit2, we have found that Slits, which are expressed
in distinct regions of the diencephalon and telencephalon,
contribute to the guidance of RGC axons within the optic
tracts. In the absence of Slits, a subset of RGC axons grow
into the epithalamus and telencephalon. However, many
axons remain restricted to the optic tracts and reach the SC.
This suggests that multiple mechanisms act to direct axon
guidance within the optic tracts and that Slit1 and Slit2 are
important components of this guidance activity.
Slits help restrict RGC axons to the optic tracts
The organisation and innervation pattern of RGC axons
within the diencephalon correlate with the expression within the
hypothalamus and epithalamus of a diffusible factor inhibitory
to RGC axon outgrowth (Tuttle et al., 1998). Slit1 and Slit2,
Fig. 5. In the absence of Slits, many RGC axons reach the SC. (A–F) Coronal
sections through the SC of E18.5 WT (A, C, E) or slit1/2 −/− (B, D, F) brains
following anterograde labelling of the RGC axons with DiI (A, B) or stained
with an anti-calretinin antibody (red) and DAPI (blue) to label the RGC axons
and cells of the SC respectively (C–F). DiI-labelled (A, B) and calretinin-
positive RGC axons (C–F) are present within the brachium of the SC (arrows in
panels C, D) and the main body of SC of both WT (A, C, E) and slit1/2 −/− (B,
D, F) embryos. In addition to RGC axons (arrows in panels E, F), calretinin also
labels a subset of SC cells (arrowheads) in both WT (E) and slit1/2 −/− (F)
embryos. Scale bar, 300 μm (A–D), 50 μm (E, F).
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Niclou et al., 2000; Ringstedt et al., 2000; Plump et al., 2002),
are expressed in the epithalamus and hypothalamus (Ringstedt
et al., 2000) and, in the absence of these molecules, a subset of
RGC axons extend into the epithalamus. This suggests that Slits
are a component of the epithalamus inhibitory activity and, by
acting as a barrier to RGC axon extension, help prevent growth
of RGC axons into this region. By contrast, guidance of RGC
axons within the hypothalamus occurs normally. Whether this is
because Slits are not important for RGC axon pathfinding in this
region or function in a redundant manner with other guidance
cues is not clear.
Slit signalling also helps prevent RGC axons extending
into the telencephalon. Similar to their role in the
epithalamus and optic chiasm (Plump et al., 2002), this is
most likely due to Slits acting as a barrier rather than to
attract the axons to the optic pathway (Jin et al., 2003). In
vitro assays and transplantation studies have demonstrated
that telencephalic cells and foetal cortical explants are
inhibitory to RGC axon outgrowth (Harvey et al., 1987;
Ichijo and Kawabata, 2001). Furthermore, slit1 and slit2 are
strongly expressed in the ventral region of the telencephalon
and, in Foxg1 −/− embryos in which this tissue fails to
develop, RGC axons cross the diencephalic/telencephalic
boundary (Pratt et al., 2002). Together, this demonstrates
that, through inhibitory signalling, expression of slit1 andslit2 in the ventral telencephalon helps restrict RGC axons
to the optic tracts.
Within the telencephalon, the ectopic RGC axons are
restricted to the pial surface, suggesting that other inhibitory
factors in this tissue are important for limiting the extent of axon
outgrowth. An excellent candidate for this inhibitory factor is
Slit3 which is expressed in the telencephalon in a domain
complementary to that of slit1 and slit2. In the future, it would
be interesting to establish whether in mice lacking all three slit
genes, or that are unable to respond to Slits, more severe
pathfinding errors occur in the optic tracts. We also found that
Slit1 and Slit2 are not key regulators of the bundling patterns of
the RGC axons. This is in contrast to astray zebrafish mutants
where extensive defasciculation of the optic tract occurs (Fricke
et al., 2001; Lee et al., 2004). This suggests that either Slit-
independent functions of Robo (Hivert et al., 2002) are
important for regulating the bundling together of the axons or,
in mammals, other factors function redundantly with Robos/
Slits to regulate this process.
RGC axons make distinct guidance errors in slit1 −/−;
slit2 +/− and slit1/2 −/− mice
A surprising finding of this study is that, in slit1 −/−; slit2
+/− and slit1/2 −/− mice, RGC axons follow relatively
distinct trajectories along the ventral and/or medial surfaces of
the telencephalon (Fig. 6L). In vitro, axons tend to grow
straight (Katz, 1985) and therefore, since this is the most
direct path, RGC axons may have a preference for extension
along the medial surface of the telencephalon. In the absence
of slit1 and one copy of slit2, the remaining slit2 in the
medial telencephalon (Fig. 6J) may be sufficient to deflect the
RGC axons away from this region onto the ventral surface.
Alternatively, since RGC axons make guidance errors at the
optic chiasm in slit1/2 −/− but not slit1 −/−; slit2 +/−
embryos (Plump et al., 2002), the distinct guidance errors
within the telencephalon of these mice may reflect the
behaviour of distinct subsets of axons. Irrespective of the
underlying mechanism, this highlights the extreme sensitivity
of axons to the precise concentration of guidance cues and
provides direct evidence that varying their levels within
tissues can influence markedly the guidance decisions made
by individual axons.
Slits are not required for target innervation
In the absence of Slits, many axons reach and innervate
the SC demonstrating that Slit1 and Slit2 are not required for
target innervation. Other molecules have been identified, for
example, FGF-2 which are required for entry into the target
but not guidance within the optic tracts (McFarlane et al.,
1995, 1996). Together, this demonstrates that growth of axons
through the optic tracts and target innervation are separable
events.
In Xenopus embryos treated with heparitinase to remove
endogenous heparan sulphates, defects in both target innerva-
tion and optic tract guidance, including projection of axons into
Fig. 6. Determination of slit expression in the region of the developing optic tract. (A–H) Coronal sections of E17.5 slit1+/− (A–D) or slit2 +/− (E–H) embryos at the
level of the hypothalamus (A, B, E, F), SC (C, G) and pineal (D, H). In both slit1 +/− and slit2 +/− embryos, tau-GFP is expressed in the hypothalamus surrounding the
developing optic chiasm (A, E), in the ventral region of the telencephalon (B, F) and in regions bordering the SC (C, G) including the epithalamus (D, H). In slit2 +/−
but not slit1 +/− tissue, tau-GFP also is strongly expressed in the roofplate and the pineal (D, H). Scale bar, 300 μm (A–C, E–G), 150 μm (D, H). (I–K) In situ
hybridisation using riboprobes for slit1 (I), slit2 (J) or slit3 (K). slit1 and slit2 are expressed within the ventral region of the telencephalon adjacent to the
diencephalon, whereas slit3 is expressed more dorsally and laterally. Arrow in panel J indicates strong expression of slit2 within the medial region of the
telencephalon. Scale bar, 300 μm. (L) Schematic diagrams illustrating the path followed by RGC axons in the contralateral (left) and ipsilateral (right) optic tracts. In
WTembryos, RGC axons are restricted to the surface of the diencephalon and avoid the epithalamus. Shaded areas indicate Slit expression in the ventral telencephalon
and epithalamus. In slit1 −/−; slit2 −/− embryos, a subset of RGC axons grow into the telencephalon and extend along either the ventral (70% of embryos) or ventral
and medial (30% of embryos) surfaces. In slit1/2 −/− embryos, RGC axons are restricted to the medial surface of the telencephalon and also grow into the epithalamus
and across the dorsal midline and into the pineal.
482 H. Thompson et al. / Developmental Biology 296 (2006) 476–484the telencephalon, occur (Walz et al., 1997). In addition to being
essential for the biological activities of FGF-2 (Lin, 2004),
heparan sulphates regulate Slit localisation and signalling (Hu,
2001; Inatani et al., 2003; Bülow and Hobert, 2004; Johnson et
al., 2004; Steigemann et al., 2004). This raises the possibility
that the target innervation defects induced by removal of
endogenous heparan sulphates are the result of inhibiting FGF-2
signalling whereas the optic tract guidance defects are a partial
consequence of disrupting Slit expression and function. In
support of this later possibility, zebrafish dackel and boxer
double mutants that lack ext2 and extl3, glycosyltransferases
essential for heparan sulphate biosynthesis, display RGC axon
pathfinding defects similar to those seen in astray mutants (Lee
et al., 2004).In the absence of Slits many RGC axons navigate normally in
the optic tracts
In the absence of Slit1 and Slit2, only a subset of RGC
axons project aberrantly in the optic tracts. One potential
explanation is that there is a subset of RGC axons that are
selectively sensitive to Slits. However, we believe that this is
unlikely. Most, if not all, RGCs express Robo2 mRNA and
protein and are responsive to Slits in vitro (Erskine et al.,
2000; Niclou et al., 2000; Ringstedt et al., 2000; Plump et
al., 2002; Sundaresan et al., 2004). Another possibility is
that the position of the axons in the optic tracts is important
(Silver, 1984) such that those axons that are located closest
to the diencephalic/telencephalic boundary and epithalamus
483H. Thompson et al. / Developmental Biology 296 (2006) 476–484are most dependent on Slits for their guidance. We have
been unable, however, to determine whether the ectopic
axons are located within a specific region of the optic tract.
Backlabelling with DiI from both the telencephalon and
pineal has failed to produce any consistent labelling.
In addition to Slits, several other guidance cues have been
identified that direct optic tract development. For example,
enzymatic removal of chondroitin sulphates from chick embryos
results in spreading of RGC axons into the telencephalon (Ichijo
and Kawabata, 2001). Simultaneously blocking β1-integrin and
N-cadherin function also results in optic tract pathfinding errors,
including extension of axons across the dorsal midline and into
the pineal and telencephalon (Stone and Sakaguchi, 1996).
These defects are similar to those seen in the slit-deficient mice,
and there is genetic and biochemical evidence for interactions
between integrins (Stevens and Jacobs, 2002), N-cadherin (Rhee
et al., 2002) and Robo-Slit signalling, suggesting that cross-talk
between these pathways may be important for optic tract
development. Sema3A also has been implicated in regulating
guidance in the optic tracts (Campbell et al., 2001). Thus, the
most parsimonious explanation for the accurate pathfinding of
RGC axons in the absence of Slits is that multiple, redundant
mechanisms exist for guidance in the optic tracts and, in the slit
mutants, the remaining cues are sufficient to ensure the error-free
navigation of many axons.
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